The aim of this study is to compare polyurethanes containing castor oil (soft segment) in granular form compared to cancellous bone autograft applied to a segmental bone defect. Norfolk adult female rabbits -approximately 13 months of age with a mean body weight of 4.5 kg -are used. In both radial diaphyses, 1 cm osteoperiosteal segmental defects are created. The defect in the left radius is filled with the castor-oil-based polyurethane, and the right one, filled with cancellous bone autograft, collected from the left proximal humerus. The rabbits are euthanazed at 15, 30, 60, and 120 days postsurgery (5 animals/ period), for histological analyses. By radiographic analyses, at these time points,
INTRODUCTION
B one grafts have been used in the healing of the bone defects in veterinary orthopedic surgery for several decades [9] . A graft is a tissue that contains living cells and is transplanted to another site to repair a defect. An implant involves the transfer of nonviable material to a living system [18] . Thus, autogenous cancellous bone graft is the most effective bone regeneration stimulator. Despite this, its limitations include increased operative time, limited availability, and significant morbidity at donor site [22] . Considering the limitations and disadvantages of obtaining and using autogenous bone, many biomaterials have been developed and tested with the intention of producing bone-graft substitutes [2, 22] . Synthetic bone-graft substitutes have numerous advantages over autografts and allografts including their unlimited supply, easy sterilization, and storage. However, the degree to which the substitute provides an osteoconductive structural framework or matrix for new bone ingrowth differs among implants [4] .
In the search for a new material that could be used as a bone substitute, in 1984, the Analytic Chemistry and Polymer Technology Group from the Sao Carlos Engineer School, University of Sao Paulo, developed a polyurethane derived from castor oil plant (Ricinus communis) [11] . The castor oil contains about 89% triglycerides from the hydroxyl-oleic acid. Structurally, the castor oil is a polyester containing three molecules of the 12-hydroxy-oleic acid (C18 : 1, OH), and each one shows a hydroxyl group at carbon 12 [13] . The polyurethane is obtained starting from two basic components: a polyol and a pre-polymer (both obtained by modification of the castor oil plant, using special techniques of urethane activation). The pre-polymer supplies isocyanate groups (NCO), and the polyol hydroxyl (OH) groups for urethane reaction. The pre-polymerization reaction is between a diisocyanate and a polyol, and the final polymerization is carried through a diol, a diamine or a polyol. In the final product, there are no free active sites (OH or NCO) for future interactions with the tissue where it will be implanted. However, there is a previously calculated quantity of urethane chains, which attracts the organic calcium in the process of bone integration [3] . This polyurethane presents, as a property, the alternative of being synthesized as a pure polymer or of adding other products, such as calcium carbonate that improve its capacity to integrate with the osseous tissue [13] . The product can be applied polymerized or as a soft mass that can be manipulated and molded as necessary, either previously or at the moment of the surgery [3] .
Experimental studies [11, 23] have confirmed the polyurethane potential for some orthopedic procedures. Thus, the biomaterial developed by the Analytic Chemistry and Polymer Technology Group from the Sao Carlos Engineer School was approved by the US Food and Drug Administration (FDA) in 2003 [7] . Actually there are many commercial presentations of this biomaterial, some are produced by Biomecanica Industries and named BioOsteo Õ , which provides several different applications, such as pre-molded blocks, cylinders, chips, plugs, and also a form of biomass. The BioOsteo Õ was approved by the Brazilian Health Agency (ANVISA) in 1999 for clinical use [3] .
Due to the limited experiments using different forms of the castor-oil-plant-based polyurethane, and in order to propose another alternative in bone regeneration, the aim of the present study is to compare the polyurethanes containing castor oil (soft segment) and cancellous bone autograft in the healing of radial segmental bone defect in rabbits.
MATERIALS AND METHODS

Biomaterial Employed
BioOsteo, in granule presentation (850 mm of diameter), with pores of 1-2 mm, is a polyurethane containing castor oil (soft segment), associated to calcium carbonate (34.5% concentrated) that is authorized for medical use by the Brazilian Health Agency -ANVISA (register number 10171110079). According to the manufacturer, BioOsteo is a bone substitutive biomaterial, indicated for neurosurgical repair, prostheses fixation, bone rebuilding, and as bone space filler at orthopedics surgery and dentistry. To be employed, the granules must be added to physiological saline (NaCl 0.9%), blood or cancellous bone.
Surgical Procedure
The present study was according to the guidelines for the care and use of laboratory animals and was approved by the Ethical Committee from the Faculty of Veterinary Medicine and Animal Science, UNESP at Botucatu.
Twenty female, Norfolk adult rabbits, 13 months old and weighing an average of 4.5 kg were used. The animals were numbered from 1 to 20 and divided into four groups according to postoperative observation time points (G1 ¼ 15 days, G2 ¼ 30 days, G3 ¼ 60 days, G4 ¼ 120 days). Each rabbit was placed in an individual 60 Â 60 Â 60 cm cage clear on the ground, and received water and commercial chow diet ad libitum.
The animals were tranquilized with an intravenous mixture of acepromazine (0.1 mg kg À1 ) and butorphanol (0.1 mg kg À1 ) and 15 min later were anesthetized with an association of tiletamine-zolazepam (10 mg kg À1 ) and xylazine (0.5 mg kg À1 ). The surgical areas of both forelimbs were clipped, prepared, and draped under sterile technique. Using a craniomedial approach, a 1 cm segmental defect was created in the middle third of the right radial diaphysis using a circular bone saw and high-volume irrigation with 0.9% saline solution. The osseous fragment was removed with the periosteum. The ulnar periosteum adjacent to the site of the defect was also removed. Autogenous cancellous bone collected from the left proximal humerus was implanted in the bone defect immediately after collection. The same surgical procedure was performed on the left forelimb although the bone defect was filled with polyurethane granules (100 mg) homogenized with 0.1 mL of autologous blood. The soft tissue and skin incisions were closed with interrupted sutures using nylon 3-0.
Enrofloxacin (5 mg/kg SC) was administered at the time of anesthesia induction and 24 h after surgery. Buprenorphine was administered (0.02 mg/kg SC) every 12 h for 5 days. The surgical wounds were cleaned with saline and povidone-iodine, and skin sutures were removed 10 days after surgery.
Clinical evaluation consisted of observations of wound healing, weight bearing on both forelimbs, and other possible complications. Radiographic examinations in craniocaudal and lateral positions of both forearms were made immediately after surgery and at 15, 30, 60, and 120 days postoperative. Radiographs were used to evaluate new bone formation within the bone defect. Total area of bone defect and areas of bone neoformation were traced on a transparent sheet at 30, 60, and 120 days postoperative. The images were captured by XC77 Sony digital camera and the areas were measured using the KS-300 image analysis system (version 3.0). The percentage of bone neoformation was obtained by dividing the bone neoformation total area by the bone defect total area.
In order to complete the histological analyses, five animals were euthanized at 15, 30, 60, and 120 days postsurgery by intravenous administration of an overdose (15 mg kg À1 ) of sodium pentobarbital followed by potassium chloride at 19.1% (1 mL/3 kg IV). The histological specimens were collected and stored in 10% phosphate buffered formalin.
Histology
After 1 week of fixation in phosphate buffered formalin, followed by decalcification in a 10% buffered acetic acid solution, the decalcified specimens were dehydrated in ethanol and clarified in xylene. After dehydratation, the implant blocks were infiltrated and embedded in paraffin plus synthetic resin (HISTOSEC, Merck KgaA, Germany). Each block was sectioned parallel to the longitudinal axis of the radius on a Leica cutting machine. Semi-serial sections, 5 mm thick, were obtained and stained with hematoxilin-eosin stain.
Analysis of Results
Using the stained histological sections, light microscopic histomorphometry was performed on a Leica DMLB microscope (Leica Corp., UK), connected to a Leica DC300FX color video camera and a Leica QWin Standard Version 3.1.0. image analysis software to determine the areas of the implanted material, new bone formation, and cartilaginous tissue.
After testing data for normality, the parametric Student's t-test was used to compare two experimental groups. Analysis of variance followed by performing the Tukey test to evaluate the four different time points, using the GraphPad InStat software. Differences were considered statistically significant at p<0.05.
RESULTS
The animals were fully mobile and started to bear weight on the forelimbs 1-2 days postsurgery. There were no signs of infection and all surgical wounds were in the process of healing.
The radiographs carried out immediately after surgery showed that the bone defects were standard and surfaces of the section were homogeneous in all limbs. There was no modification of the bone alignment. Immediately after surgery, the defects treated with cancellous bone autograft were also radiolucent. At 15 days after surgery, the beginning of bone formation could be observed, primarily developing from the radius cut bone ends and the ulnar side. Progressive bone formation was observed at the other time periods. The percentage of new bone formation within the bone defect was approximately of 77.8, 85, and 100 at 30, 60, and 120 days after surgery, respectively. Radiopacity similar to the contiguous bone was observed in 25% of the limbs at 120 days after surgery and there were signs of bone modeling. The presence of a radiolucent area in the center of the defect was seen in only one limb ( Figure 1) .
The defects treated with castor-oil-based polyurethane showed radiopacity immediately after surgery, due to the radiopacity of the biomaterial. At 15 days after surgery, the beginning of bone formation was noted, generally developing from the radius cut bone ends and the ulnar side. Progressive bone formation was observed at the other time points. The percentages of new bone formation within the bone defect were approximately 54, 61.4, and 79% at 30, 60, and 120 days after surgery, respectively. At 120 days postsurgery, areas of radiotransparency were still observed in the central region of the defect in all animals ( Figure 2 ). The histological evaluations of the defects treated with cancellous bone showed intense cartilaginous formation at 15 days postoperative. Trabecular bone neoformation areas originated from the cut bone ends of the radius and, specially, from the ulna surface. Connective tissue derived from the periosteum was present in the middle and cranial areas of the defect. The bone graft was not observed. At 30 days postsurgery, the cartilaginous tissue was decreased and its replacement by trabecular bone was observed. Bone neoformation was increased, filling almost all the defect area. Connective tissue was covering the cranial surface of the defect. At 60 days, the trabecular bone area was decreased compared to 30 days postoperative due to the bone modeling process and areas of bone marrow development. These areas were detected all over the segmental defect, but without a defined medullar canal. The bone cortex was still incomplete. At the final time point (120 days), cartilaginous tissue had been completely replaced by bone tissue, except in one animal. The bone marrow area was increased, forming a well-defined medullary canal. All animals showed bone cortical linking both edges of the radius (Figure 3(a) ).
At 15 days postsurgery, the histological evaluations of the defects treated with castor-oil-plant-based polyurethane showed the presence of cartilaginous tissue and its replacement by primary bone. There was new bone formation originated from the ulna and from the cut bone ends. Polyurethane granules were easily identified, although they were not stained by hematoxylin and eosin. They were agglomerated in the central area of the defect and the majority of them were surrounded by connective tissue. The most peripheral granules showed intimate contact or were totally surrounded by cartilaginous tissue and trabecular bone. No evidence of inflammatory reaction was detected, nor any multinucleate giant cells were found. At 30 days, new bone formation was increased, derived from the ulna and from the cut bone ends, and more granules of the polymer were surrounded by trabecular bone and cartilaginous tissue. The connective tissue surrounding the granules in the center of the defect was decreased. At 60 days postsurgery, no cartilaginous tissue was detected. Newly formed bone areas showed a reduction and were more compacted, especially next to the ulna surface. Marrow bone areas were visualized near the cut bone ends. Intimate contact among newly formed bone, marrow bone, and polyurethane granules was detected, with no evidence of intervening layers of fibrous tissue. At the last moment of evaluation (120 days), newly formed bone was increased and showed lamellar aspect. Bone marrow areas were present in a larger number and no evidence of granules degradation was detected. The granules were surrounded by newly formed bone, bone marrow, and also by connective tissue, especially in the cranial area of the defect. Complete external cortical bone was not detected (Figure 3(b) ). Polarization microscopy showed no alterations in the organization of standard structural granules among all the evaluation time points (Figure 4 ). Variance analysis of the mean areas of polymer granules in the segmental bone defect did not show any statistical difference (Table 1) among the four evaluation time points (15, 30, 60 , and 120 days postsurgery).
The cancellous bone autograft-treated forelimbs did show more trabecular bone production than the polyurethane-treated forelimbs ( Table 2 ). However, the histomorphometric analyses showed that only at 30 days postsurgery was a statistically significant difference ( p<0.05) detected when the new bone area was evaluated.
DISCUSSION
Castor-oil-based polyurethane was produced in granule form in order to simulate the intrinsic characteristics of the surgical form of cancellous bone such as manipulation and application, in contrast with other treatments that used it for pre-molded blocks [6, 12, 17] . Also, the addition of autogenous blood was important to enhance the aggregation of the granules, and avoid their dispersion in the recipient site. Although no barrier had been used, such as osteopromotive membranes [27] , the biomaterial remained concentrated in the bone defect, as observed by radiographic and histological evaluations.
The radiographic examination was not sufficient to evaluate the polyurethane granules due to their low radiopacity, despite another study suggesting conventional radiography as an excellent method to evaluate the bone tissue biological behavior using the castor-oilbased polyurethane [25] . Calcium carbonate is responsible for polyurethane's radiopacity, and generally it is present at concentrations of 34-40% [3, 6] . Calcium carbonate may improve the polymer osteointegration [13] . Also, no biocompatibility difference was shown when polyurethane discs, supplemented or not with calcium carbonate, were implanted into subcutaneous tissue of mice [19] .
Bone regeneration was more evident and accelerated in the bone defects treated with cancellous bone autograft more than those treated with castor-oil-based polyurethane at all time points, as measured by radiographic analyses. At 120 days postsurgery, the segmental bone defects treated with cancellous bone autograft were totally reconstituted and modeled, while the bone defects treated with polyurethane polymer had 79% bone formation. As reported by other authors, the cancellous bone autograft is still the best bone regeneration stimulator [14, 22] . There was no significant difference among the time points ( p > 0.05 ANOVA).
Histological examination findings helped to interpret and confirm the radiographic findings. Trabecular bone area was statistically greater in defects treated with autograft cancellous bone than in the ones treated with polyurethane polymer only at 30 days postsurgery. No difference was seen at 60 or 120 days postoperative because of diminution of trabecular bone area caused by acceleration of reabsorbing and modeling processes that occurred in the defects treated with autograft cancellous bone. Also, at 120 days postsurgery the medullar canal was completely reconstituted in this group, compared to the polyurethane-treated group, in which no medullar canal was observed. Similar results were observed after inducing a bone defect in calvaria of rabbits treated with castor-oil-based polyurethane which showed no inflammatory reaction and partial bone formation. However, the defects treated with autograft were filled by newly formed bone and showed evidence of the modeling process 40 days after surgery [24] .
Histological analysis at 15 days postsurgery did not show the cancellous bone autograft, but there was a presence of cartilaginous tissue and areas of trabecular bone neoformation. In general, a majority of cancellous autograft cells die due to ischemia or induction of apoptosis after transplant to the receptor site; however, the most resistant cells, the primitive mesenchymal cells and progenitors of endothelial cells, proliferate and stimulate bone production [1] .
In the present study, no evidence of inflammatory reaction or giant foreign body cells was observed by histological analysis at any time point, suggesting the biocompatibility of the polyurethane polymer. The same results were observed by other authors after using other presentations of castor-oil-based polyurethane implanted in circular defects induced in the rabbit medial condyle [23] , rabbit calvarium [24] , rat mandible [26] , and rat tibia [20] , as well as in segmental defects induced in the rabbit radius [11] and rat zygomatic arc [15] . Even though giant foreign body cells have been observed when polyurethane was implanted in the rat dental alveolus [5] , the authors did not consider it as a sign of incompatibility due to the infrequent occurrence.
Polyurethane granules became concentrated in the center of the bone defect and were progressively surrounded by the trabecular bone in the way that the bone proliferation developed from the ulna and both edges of the radius. At the final evaluation time point, some granules were still surrounded by connective tissue. These results suggest that this biomaterial may be able to cause osteointegration, which was characterized by direct anchorage of an implant due to the bone formation around it, but without proliferation of fibrous tissue in the bone-implant interface [21] . In addition, the osteointegration capacity of this biomaterial, as irregular flakes (from 700 to 1200 mm of diameter), when implanted in the dental alveolus of rats was shown [5] . In the same way, an intimate contact between the polyurethane granules and trabecular newly formed bone was detected in the present study at all evaluation time points, confirming the osteointegration potential of castor-oil-based polyurethane. However, when the polyurethane was applied into the bones of dogs as porous or compact cylinder [13] , pin [17] , or bone cement [28] the biomaterial was not considered osteointegrated because of the development of fibrous capsule around the implants.
An osteoconductive material promotes bone apposition to its surface, acting as a receptive scaffold that facilitates enhanced bone formation [2] through the incursion of blood vessels and newly formed bone to its scaffold [10] . In this study, newly formed bone was detected on the surface of the polymer granules, however not inside its scaffold. Thus, considering that the biomaterial used in the present study presents pores of 1-2 mm diameter [3] , it was not possible to observe the same osteoconductive potential. In vitro studies showed that 20 mm is the minimum pore size that facilitates cellular penetration, but pore size larger than 50 mm is necessary to benefit new bone formation inside it [16] . To obtain the osteoconductive ability, it would be necessary to increase the porosity of the biomaterial used in the present experiment. However, osteoconductive ability was observed when the castor-oil-based polyurethane was used as blocks, cylinders, or as flakes [6, 8, 11, 15, 23] .
No sign of polymer resorption was detected by histological examination, and statistically the mean occupation area of the granules was the same at all time points. Moreover, polarization microscopy did not show any difference in structural organization of the granules, suggesting that the polyurethane polymer may be used as a space filler. In the same way, no resorption or substitution of the polyurethane polymer implanted intraosseously as cylinders in rabbit condyle was observed in histological studies [23] . When compact or porous polyurethane polymers were used in circular bone defect induced in dog femoral condyle, radiographic and tomographic studies, and scanning electronic microscopy did not detect the cut surface irregularities indicative of degradation [13] . Minimum resorption of polyurethane by cellular action was described, when it was injected into a 1 mm defect induced in the tibia of rats [20] . On the other hand, resorption and substitution of the castor-oil-based polyurethane was found when blocks were implanted in 2 mm segmental defects created in the zygomatic arch of rats [15] .
According to the conditions under which the present study was performed and based on the results obtained, it was possible to conclude that the polyurethane containing castor oil (soft segment) in granule presentation does not have osteoinductive and osteogenic properties of the cancellous bone autograft. By histological analyses, the polymer granules acted as a space filler, diminishing the production of a connective tissue in the bone defect, with no sign of degradation. Moreover, it is biocompatible and osteointegrated.
